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Interactions between natural killer (NK) and dendritic cells (DCs) are integral to immune response
development, potentially leading to bidirectional NK/DC activation. We demonstrate that autologous
NK/DC interactions induce CD4 expression on NK cells, inﬂuencing degranulation. Cell contact is
required, with high NK:DC ratios and mature DCs most effectively inducing CD4 expression. CD4þ NK
cells, in turn, mediate DC maturation via contact-dependent and independent pathways, more
effectively maturing DCs than CD4 NK cells. Bidirectional NK/DC interactions also impact HIV
infection, as NK-matured DCs effectively deliver infectious HIV to T cells, via trans-infection.
DC-induced CD4 expression also renders NK cells susceptible to HIV infection. Focusing on NK/DC
interactions, DCs can transfer infectious virus and enhance HIV infection of CD4þ NK cells, strongly
suggesting that these interactions inﬂuence HIV pathogenesis. Findings provide new insight regarding
NK/DC interactions, deﬁning a mechanism by which cellular interactions in the absence of pathogens
promote DC-mediated ampliﬁcation of HIV infection.
& 2012 Elsevier Inc. All rights reserved.Introduction
NK cells are large granular lymphocytes playing a pivotal role
in the innate immune response against viruses and tumors,
producing pro-inﬂammatory cytokines such as IFN-g and TNF-a
and mediating lytic activity. NK cells are also important immune
response modulators, playing a critical role in HIV pathogenesis
by inﬂuencing HIV disease progression (Alter and Altfeld, 2009;
Carr et al., 2007; Martin et al., 2002; O’Connell et al., 2009). We
have previously identiﬁed CD4þ NK cells in lymphoid tissue and
developed in vitro conditions inducing CD4 expression on NK cells
(Bernstein et al., 2006). CD4þ NK cells produce high levels of pro-
inﬂammatory cytokines and effectively mediate target cell lysis;
however these cells migrate towards IL-16, express CXCR4, and
are susceptible to HIV infection (Bernstein et al., 2009). IL-12,
PHA, and cellular interactions are required to induce CD4 expres-
sion in vitro; but uncertainty remains regarding the molecular
events leading to CD4 expression in vivo.
NK cells have the capacity to interact with dendritic cells
(DCs), antigen-presenting cells residing within in peripheralll rights reserved.
ctive Biology, Case Western
, USA. Fax: þ1 216 368 2163.tissues. Subsequent to antigen encounter or stimulation, DCs
undergo a maturation process resulting in up-regulated expres-
sion of co-stimulatory molecules (CD40, CD80, and CD86) and
Major Histocompatibility Complex II (MHC II). These DCs then
migrate to secondary lymphoid organs, playing an integral role in
the development of the immune response. CD40 binds to CD154
(CD40L) on CD4þ T cells, resulting in further DC maturation,
activation, and cytokine production, including IL-12, IL-6, and
TNF-a (Ma and Clark, 2009). MHC II is a membrane bound
glycoprotein containing a peptide-binding cleft, enabling DCs to
present antigens to CD4þ T cells. CD80 and CD86 bind to CD28 on
T cells, promoting activation and expansion. Conversely, CD80
and CD86 can inhibit T cell activation by binding CD152. CD83
expression is also increased on mature DCs, this immunoglobulin-
like protein is thought to promote MHC II and CD86 expression on
DCs (Tze et al., 2011). Thus, via co-stimulatory molecule expres-
sion, mature DCs form immunologic synapses facilitating antigen
speciﬁc T cell activation and the adaptive immune response.
On the other hand, DCs are also capable of forming viral synapses
whereby intact viral particles are transferred to target cells
resulting in enhanced infection, a process called trans-infection
(Geijtenbeek et al., 2000; Granelli-Piperno et al., 1998;
Gummuluru et al., 2002; McDonald et al., 2003; Reuter et al.,
2010; Sanders et al., 2002; Soto-Ramirez et al., 1996; Weissman
et al., 1995; Yu et al., 2008).
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the majority of which lead to reciprocal activation and matura-
tion. DCs strongly promote NK cell activation, augmenting NK cell
lytic function and cytokine production via contact-dependent and
independent mechanisms (Ferlazzo et al., 2002; Gerosa et al.,
2002; Moretta et al., 2006). In turn, NK cells produce soluble
factors, including IFN-g and TNF-a, mediating DC maturation. NK
cells also target immature DCs (iDCs) via contact-dependent
interactions involving NKp30, TRAIL, and CD94-NKG2A mediated
signaling, providing a necessary immunologic editing function
(Melki et al., 2010; Moretta et al., 2006; Piccioli et al., 2002).
These bidirectional interactions are thought to be a critical link
between the innate and adaptive immune response (Fernandez
et al., 1999; Kassim et al., 2006). Beyond activation and matura-
tion, NK/DC interactions mediate anti-tumor responses and are
necessary for the control of viral infections, including HIV, HSV,
and MCMV (Kassim et al., 2006; Salazar-Mather et al., 1998;
Scott-Algara et al., 2008).
NK/DC interactions are inﬂuenced by HIV infection, whereby both
DCs and NK cells are functionally impaired (Alter and Altfeld, 2011;
Altfeld et al., 2011; Fortis and Poli, 2005; Melki et al., 2010). During
HIV infection, DCs numbers decline (Donaghy et al., 2003; Hsieh
et al., 2003) and cells are less efﬁcient at T cell activation (Martinson
et al., 2007), although the mechanism(s) accounting for this are
poorly understood. On the other hand, NK cells from HIV-infected
individuals have decreased perforin and granzyme A levels,Fig. 1. DCs induce CD4 expression on NK cells. NK cells were cultured using establis
expression on CD56þ CD3 NK cells was assessed by ﬂow cytometric analysis on cu
conditions yield minimal CD4 expression (left panel), the right panel shows cells cul
expression (allo). (B) NK cells co-cultured with either autologous immature DCs (iD
demonstrate CD4 expression comparable to that seen in allogeneic, PHA and IL-12 supp
than iDCs (p¼0.004, paired Student’s t-test). Mean and standard error bars shown, n¼1
multiple linear regression model) (*po0.05 at each ratio shown, paired Student’s t-tespotentially contributing to the decreased cytotoxic capacity of NK
cells observed during HIV infection (Biron et al., 1999; Fernandez
et al., 1999; Mailliard et al., 2003). HIV Nef (Negative Factor) also
impairs NK cell cytotoxicity by down-regulating NKG2D ligand
expression on infected cells, decreasing susceptibility to NK cell-
mediated lysis. NK/DC interactions are similarly impaired in HIV
infection (Richard et al., 2010; Ward et al., 2009). DCs from infected
individuals produce less IL-12, IL-15, and IL-18, decreasing NK cell
activation (Reitano et al., 2009), and NK cell IFN-g and TNF-a
production is reduced, decreasing their capacity to induce DC
maturation (Tasca et al., 2003). Furthermore, NK cells exhibit a
diminished ability to kill immature DCs (Tasca et al., 2003). HIV-
infected CD4þ CD56þ NK cells have been described in vivo
(Conry et al., 2009; Valentin et al., 2002), potentially accounting for
impaired NK cell function. The in vivo cellular events leading to CD4
expression and HIV infection of NK cells remain unclear, possibly
related to the mechanisms impairing NK/DC interactions during HIV
infection.
In this study we explore autologous NK/DC interactions, with
attention given to CD4 expressing NK cells. We ﬁnd that DCs
induce CD4 expression on NK cells in a cell-contact dependent
manner. CD4þ NK cells exhibit high IFN-g and TNF-a production
(Bernstein et al., 2006), cytokines known to be potent inducers of
DC maturation. Not surprisingly, we demonstrate that CD4þ
NK cells induce DC maturation, up-regulating co-stimulatory
molecules, HLA-DR, and CD83 expression more efﬁciently thanhed conditions (Bernstein et al., 2006) or co-cultured with autologous DCs. CD4
lture day 5. (A) Allogeneic NK cell cultures (allo IL-12 PHA) under standard
tured in the presence of a mitogen/cytokine combination known to induce CD4
Cs Co-cx, left panel) or mature DCs (mDCs Co-cx, right panel) at a 10:1 ratio
lemented conditions. (C) mDCs more effectively induce CD4 expression on NK cells
1. (D) Increasing the NK:DC ratio enhances CD4 expression on NK cells (p¼0.0001,
t).
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co-stimulatory marker expression. Exploring the effect of NK
cell-mediated DC maturation in HIV infection, we observed that
NK-matured DCs have a higher capacity to transfer virus and
enhance T cell infection than immature DCs, the ﬁrst demonstration
of NK cell-induced DC maturation leading to increased trans-
infection. We also demonstrate that NK/DC co-culture yields
CD4-expressing NK cells that are susceptible to HIV infection. Finally,
we assessed the capacity of DCs to transfer virus to CD4þ NK cells
and enhance HIV infection of these cells. We found that both iDCs
and mDCs effectively transfer virus to CD4þ NK cells, enhancing
infection, providing new insight regarding the consequences of
NK/DC interactions related to HIV pathogenesis.Fig. 2. Cell–cell contact is required to induce CD4 expression on NK cells.
Co-culture was performed using 24 well sized Millicell-CM membrane inserts
(Millipore) with a pore size (0.4 mm) permitting exchange of soluble factors in the
absence of cell contact (red, no contact) or a standard 24-well plate, permitting
cell contact (blue, contact). NK cells were placed beneath the membrane at the
ratios shown, while autologous (A) iDCs or (B) mDCs were placed above the
membrane. NK cell CD4 expression was assessed on day 5 and compared to NK
cells from the same donor cultured under allogeneic conditions. Results indicate
the mean of 3 experiments (standard error shown). Conditions preventing cell
contact resulted in signiﬁcantly decreased CD4 expression, po0.05 (paired
Student’s t-test). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)Results
Dendritic cells (DCs) induce CD4 expression on NK cells
Our laboratory has previously identiﬁed CD4þ NK cells in
tissues and established culture conditions inducing CD4 expres-
sion on NK cells (Bernstein et al., 2006). In vitro, NK cell expansion
requires IL-2 and allogeneic irradiated feeders to maintain cell
activation and proliferation; and we have shown that the addition
of IL-12 and PHA to these conditions induces CD4 expression
(Bernstein et al., 2006). A growing body of literature describes NK
and DCs interactions, often associated with reciprocal activation
and maturation. As CD4þ NK cells are highly activated, and in vivo
CD4 expression is presumed to occur in the absence of allogeneic
stimulation, we investigated whether NK/DC interactions inﬂu-
ence NK cell CD4 expression. Freshly puriﬁed NK cells were co-
cultured with autologous immature (iDCs) or LPS-matured DCs
(mDCs). CD4 expression was assessed and compared to NK cells
from the same donor cultured under standard, allogeneic condi-
tions (allo IL-12 PHA) and under CD4 inducing conditions
(allo) (Fig. 1A) (Bernstein et al., 2006). We found that co-culture
with autologous iDCs or mDCs induces CD4 expression on NK
cells in the presence of IL-12 and PHA (Fig. 1B), eliminating the
requirement for allogeneic stimulation. As DCs have a demon-
strated capacity to activate NK cells, these interactions more
likely reﬂect conditions enabling in vivo CD4 expression on NK
cells than previously established conditions.
Both iDCs and LPS-matured DCs were capable of inducing CD4
expression on NK cells, and overall mDCs were more effective
at inducing CD4 expression at the NK:DC ratios tested (Fig. 1C,
p¼0.004). We also determined that induction of CD4 expression
requires autologous dendritic cells, as CD4 expression was not
induced when NK cells were co-cultured with allogeneic DCs (data
not shown). By culturing cells at multiple NK:DC ratios (1:5, 1:1, 5:1,
10:1), we observed that increasing the NK:DC ratio enhances CD4
expression as assessed via linear regression modeling (Fig. 1D,
p¼0.0001). These ﬁndings correlate with a published study showing
that higher NK:DC ratios result in greater induction of IFN-g produc-
tion by NK cells, as CD4þ NK cells are known to produce increased
quantities of IFN-g (Bernstein et al., 2006; Piccioli et al., 2002).
In total, these results show that autologous NK/DC interactions induce
CD4 expression on NK cells in an NK:DC ratio dependent manner,
with mDCs inducing CD4 expression more effectively than iDCs.
Induction of CD4 expression on NK cells by DCs is contact dependent
To determine whether cell to cell contact is required for
dendritic cells to induce CD4 expression on NK cells, NKs and
DCs were co-cultured under conditions permitting soluble factor
exchange in the absence of direct cell to cell contact. Freshly
puriﬁed cells were placed in culture on opposite sides of aMillicell-CM membrane or within a comparably sized tissue
culture plate (24 well) at two NK:DC ratios (1:1 and 5:1). After
5 days of culture, CD4 expression was assessed. Co-culture in the
presence of a semi-permeable membrane, whereby soluble fac-
tors can be exchanged in the absence of direct cell to cell contact
did not result in signiﬁcant CD4 expression. NK cells from the
same donor cultured under conditions permitting cell to cell
contact with dendritic cells did express CD4, indicating that
cell–cell contact is necessary for inducing CD4 expression on NK
cells. Similar results were observed for both iDCs (Fig. 2A) and
mDCs (Fig. 2B), po0.05.Co-culture with DCs inﬂuences CD4þ NK cell degranulation
To determine if NK/DC interactions inﬂuence NK cell degra-
nulation (Alter et al., 2004), CD4þ NK cells were co-cultured with
iDCs for 5 h in the presence of CD107a antibody at multiple
NK:DC ratios. Degranulation, as assessed by anti-CD107a binding,
peaked at a high NK:DC ratio (5:1) (Fig. 3A). Given the relative
excess of effector cells at this ratio, our results correlate with
other studies showing that at high NK:DC ratios NK cells edit and
kill iDCs (Piccioli et al., 2002; Semino et al., 2005). At low NK:DC
ratios, co-cultured NK cells demonstrated lower levels of degra-
nulation than NK cells cultured alone (in the absence of DCs),
suggesting that these conditions favor maturation versus DC
editing. When CD4 expression was assessed in the subset of
degranulating NK cells (CD107aþ cells), we found that CD4þ NK
cells (Fig. 3B) were overrepresented within the degranulating
subset, with a relative frequency of 47–63%, compared to their
Fig. 3. DCs inﬂuence CD4þ NK cell degranulation. CD4þ NK cells were cultured alone or with autologous iDCs at multiple ratios in the presence of monensin and antibody
recognizing CD107a for 5 h to assess degranulation. (A) The Y axis indicates the percentage of CD107aþ NK cells within each condition, NK cell CD4 expression ranged from
29% to 33% (data not shown). The CD107aþ cells were next analyzed for CD4 expression, (B) The percentage of CD4þ NK cells within the CD107aþ population and (C) The
percentage of CD4 cells within the CD107aþ population is shown. Data represents 3 independent experiments.
Fig. 4. CD4þ NK cells induce maturation of autologous DCs. (A) Immature DCs were co-cultured overnight with CD4þ NK cells at a 1:1 ratio. Co-stimulatory molecule
expression was assessed by ﬂow cytometry and compared with iDCs (medium) and LPS-matured DCs (LPS). Results are representative of 10 experiments. (B) NK/DC
co-culture is associated with decreased macropinocytosis. Following overnight co-culture with CD4þ NK cells, DC macropinocytosis was assessed by measuring the
median ﬂuorescent intensity (MFI) of DCs following exposure to Alexa Fluor 488 conjugated albumin (55 mg/ml) for 4 h. (C) NK/DC co-culture induces phenotypic changes
consistent with maturation, increasing the NK:DC ratio enhances DC maturation. NK/DC co-culture resulted in a signiﬁcant increase in co-stimulatory molecule, HLA-DR
and CD83 expression (n¼10, *po0.05), compared to iDCs. At a 1:1 ratio NK/DC co-culture increased CD40 and HLA-DR expression beyond that seen in LPS-matured DCs
(*po0.05).
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cells may harbor greater cytolytic activity.
CD4þ NK cells induce DC maturation
As bidirectional NK cell/dendritic cell interactions can lead to
DC maturation, we next examined the capacity of CD4þ NK cells
to induce DC maturation. CD4þ NK cells were co-cultured with
iDCs overnight and surface marker expression was compared
to LPS matured-DCs (Fig. 4A). We found that NK co-culture
increased expression of HLA-DR, CD83 and the co-stimulatory
markers CD40 and CD86, compared to iDCs (medium); moreover
co-culture with CD4þ NK cells increased CD40 and HLA-DR
expression beyond that observed in LPS-matured DCs. HLA-DR
expression is associated with enhanced antigen presentation
capacity, a functional trait of mDCs. To conﬁrm functional
maturation of the DCs, we evaluated the inﬂuence of CD4þ NK
cell co-culture on macropinocytosis, a DC function that is dimin-
ished upon maturation (Clayton et al., 2003; Takahashi and
Kobayashi, 2003). As expected, co-culture with CD4þ NK cells
resulted in reduced macropinocytosis, supporting the concept
that CD4þ NK cells induce both phenotypic and functional
changes consistent with maturation in dendritic cells (Fig. 4B).
As we observed decreased iDC function with increasing NK:DC
ratios, we next explored the effect of increasing CD4þ NK:DC
ratios on DC maturation. DC maturation is associated with a
higher percentage of CD40 and CD83 expression, and increased
surface expression of molecules constitutively expressed on DCs,
namely CD86 and HLA-DR, as determined by their medianFig. 5. CD4þ NK cells are more efﬁcient at maturing DCs than CD4 NK cells. (A) iDCs w
Co-stimulatory molecule expression was assessed by ﬂow cytometry and compared to
(n¼10), po0.05 for all markers except CD83 (p¼0.05). (B) Depletion of CD4þ NK cells
(red), or CD4-depleted NK cells (blue) were co-cultured with iDCs overnight at a 1:1 rati
iDCs (medium, gray dotted line). Data is representative 3 independent experiments wﬂuorescent intensity (MFI). Co-culture with CD4þ NK cells sig-
niﬁcantly increased HLA-DR, CD83 and co-stimulatory marker
(CD40 and CD86) expression compared to iDCs (Fig. 4C, po0.05).
Overall, co-culture with CD4þ NK cells increased expression of
the co-stimulatory marker CD86, to levels comparable to that
seen following LPS-induced maturation. CD40 expression and the
MFI of HLA-DR expression was increased beyond that observed
in LPS-matured DCs (po0.05, Fig. 4C). CD83 expression was
up-regulated, yet the percentage of positive cells was not as high
as seen in LPS-matured DCs. We also observed a correlation
between increasing NK:DC ratios and co-stimulatory molecule
expression (Fig. 4C) (po0.05). Although cells were co-cultured at
ratios as high as 5:1 and 10:1, increased NK cell mediated editing
of DCs occurs at higher NK/DC ratios and lower co-culture ratios
are shown.
NK cell CD4 expression enhances DC maturation
We next compared the ability of CD4þ NK cells to mediate DC
maturation with CD4 NK cells from the same donor. Using
co-stimulatory marker, HLA-DR, and CD83 expression as pheno-
typic surrogates of dendritic cell maturation, we found that CD4þ
NK cells were superior to CD4 NK cells at inducing DC matura-
tion (Fig. 5A, po0.05). As not all NK cells express CD4 under our
culture conditions, and to evaluate the possibility that our results
were secondary to PHA or IL-12 carryover to the NK/DC
co-culture, we depleted some NK cell cultures of CD4-expressing
cells using anti-CD4 MicroBeads (Miltenyi) prior to overnight
co-culture. This enabled us to compare the effects of CD4þ NKere co-cultured overnight with CD4þ (blue) or CD4 (red) NK cells at a 1:1 ratio.
iDCs (medium) and LPS-matured DCs (LPS). Means with standard error are shown
decreases DC maturation. Equal numbers of untouched CD4þ NK (black), CD4 NK
o. Co-stimulatory marker expression assessed via ﬂow cytometry and compared to
ith separate donors.
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(blue) on DC maturation. We found that CD4-depleted NK cells
induced changes in DC marker expression comparable to that
seen with CD4 NK cells, indicating that potential PHA and IL-12
carryover does not inﬂuence DC maturation. Moreover, depletion
of CD4þ NK cells signiﬁcantly lowered co-stimulatory marker
expression, providing further evidence that CD4þ NK cells induce
DC maturation more efﬁciently than CD4 NK cells from the same
donor (Fig. 5B).
CD4þ NK cells produce soluble factors inﬂuencing DC maturation
To determine whether soluble factors released from CD4þ NK
cells inﬂuence DC maturation, iDCs were cultured overnight in
conditioned media from CD4þ NK cell cultures. Surface marker
expression was compared to iDCs and DCs co-cultured with auto-
logous CD4þ NK cells from the same donor. We found overnight
culture in conditioned media from CD4þ NK cells increased DC co-
stimulatory marker expression (Fig. 6A), indicating that soluble
factors account, at least in part, for the DC maturation induced by
CD4þ NK cells. Soluble factors also increased HLA-DR expression to
levels comparable to that seen following co-culture with CD4þ NK
cells. To conﬁrm these results, additional experiments using 0.4 mm
Millicell-CM membranes were performed. These semi-permeable
membranes allow diffusion of soluble factors while preventing cell
contact in co-culture. In the absence of cell contact, there was partial
up-regulation of co-stimulatory molecule (CD40 and CD86) and
CD83 expression, as compared to conditions permitting cell contact
(Fig. 6B). Induction of HLA-DR expression in co-cultures prohibiting
cell contact was comparable to levels seen in co-culture conditions
enabling cell contact, as observed in the supernatant transfer assay.
Co-culture with CD4þ NK cells leads to increased DC-mediated HIV
transfer and enhancement of infection
As co-culture with CD4þ NK cells induced changes consistent
with DC maturation, increased co-stimulatory marker expression
and decreased macropinocytosis, we explored the ability of
co-cultured DCs to inﬂuence HIV infection. Mature DCs are capable
of concentrating intact HIV-1 and transferring infectious virus
to T cells through a process known as trans-infection (Granelli-
Piperno et al., 1998; Gummuluru et al., 2002; McDonald et al.,Fig. 6. Soluble factors released by CD4þ NK cells induce partial DC maturation. (A) iDC
media, red). Co-stimulatory molecule expression was compared with iDCs (medium, g
were co-cultured with CD4þ NK cells overnight on opposite sides of a 0.4 mm Millicell-
determined and compared with iDCs (medium, grey) and iDCs co-cultured with CD4þ
representative of 3 independent experiments. (For interpretation of the references to c2003; Reuter et al., 2010; Sanders et al., 2002; Soto-Ramirez et al.,
1996; Weissman et al., 1995; Yu et al., 2008). Mature dendritic
cells also have the capacity to enhance HIV infection when virus
pulsed DCs are added along with unbound virus to target cells.
To assess the effect of CD4þ NK cell co-culture on the capacity of
DCs to mediate HIV infection, NK co-cultured DCs were pulsed
with HIV-NLG-Nef (recombinant NL4-3 virus expressing GFP
within the Nef ORF (Levy et al., 2004)) for 2 h. Enhancement of
infection was assessed by adding target cells directly to HIV-NLG-
Nef-pulsed dendritic cells, enfuvirtide (0.1 mM) was added after
24 h to limit HIV replication to a single round. After 40 h of
culture, infection was assessed by measuring GFP expressing cells
(Fig. 7A). DCs co-cultured with CD4þ NK cells enhanced HIV
infection at levels comparable to that observed with LPS-matured
DCs, better than immature DCs, demonstrating that CD4þ NK cell
co-culture results in additional functional changes consistent
with DC maturation. Viral transfer assays yielded similar results
(Fig. 7B). Target cells utilized were CEM174 cells stably trans-
duced with a reporter plasmid containing the ﬁreﬂy luciferase
gene under control of the SIV LTR (LuSIV), enabling quantitative
assessment of infection via luciferase activity. Luciferase levels
correlated with ﬂow cytometric results, whereby we observed a
signiﬁcant increase in DC-mediated viral transfer and enhance-
ment of infection, following co-culture with CD4þ NK cells
(Fig. 7C, po0.01). These ﬁndings deﬁne a mechanism by which
cellular interactions in the absence of pathogens promote
DC-mediated ampliﬁcation of HIV infection.Co-culture with DCs yields CD4þ NK cells that are susceptible to HIV
infection
To determine whether DC-mediated induction of CD4 expres-
sion renders NK cells vulnerable to HIV infection, we co-cultured
puriﬁed NK cells with DCs at a 10:1 NK:DC ratio. After 14 days in
culture, cells were pulsed with HIV-IIIB for 2 h. Infection was
assessed 5 days post-challenge via intracellular p24 antigen
staining. NK cells induced to express CD4 via DC co-culture were
susceptible to infection with HIV-IIIB (Fig. 8A). HIV infection of
these NK cells was also associated with CD4 downregulation, as
seen previously seen in both HIV-infected NK and T cells (Fig. 8B)
(Bernstein et al., 2009; Chen et al., 1996).s were cultured overnight in conditioned media from CD4þ NK cells (conditioned
rey dashed line) and iDCs co-cultured with CD4þ NK cells (Co-cx, black). (B) iDCs
CM membrane (Co-cx (no contact), red). Co-stimulatory molecule expression was
NK cells under conditions permitting cell contact (Co-cx (contact), black). Data is
olor in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 7. Co-culture with CD4þ NK cells increases the capacity of DCs to transfer infectious HIV and enhance target cell infection. iDCs were cultured with CD4þ NK cells at a
1:1 ratio overnight. Co-cultured DCs (DC/CD4þ NK Co-cx), iDCs, and LPS-matured DCs (mDC) were pulsed with HIV-NLG-Nef for 2 h. (A) Enhancement of HIV infection:
LuSIV cells were directly co-cultured with virus pulsed DCs, panels on the right show cell free infection of LuSIV cells and demonstrate that NK cells in the absence of DCs
do not enhance infection. (B) Virus transfer: virus pulsed DCs were washed to remove unbound virus followed by co-culture with LuSIV cells. Enfuvirtide was added to all
conditions 24 h after virus to limit HIV replication to a single round. 40 h post-challenge, infection was assessed by detecting virus produced GFP expression via ﬂow
cytometric analysis. Luciferase activity was measured in cell lysates for (C) enhancement and (D) transfer assays. Data is representative of 4 experiments.
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infection
As CD4þ NK cells can be productively infected with HIV-1
(Bernstein et al., 2009; Conry et al., 2009; Harada et al., 2007;
Valentin et al., 2002), the likelihood exists that in vivo NK/DC
interactions permit DC-mediated transfer of infectious virus to NK
cells. To evaluate this possibility, we assessed whether DCs are
capable of transferring infectious virus to CD4þ NK cells and
enhancing infection. Immature DCs and mDCs were pulsed with
HIV-IIIB at an MOI of 0.025 for 2 h followed by co-culture with
autologous CD4þ NK cells at a 1:1 ratio. As a control CD4þ NK
cells were directly exposed to an identical quantity of virus to
measure direct cell-free infection (Fig. 9A). DCs enhanced HIV
infection of CD4þ NK cells beyond that seen when these cells
were directly challenged with an equivalent amount of free virus,
surprisingly iDCs more efﬁciently enhanced HIV infection of
CD4þ NK cells than did mDCs (Fig. 9B and C). DC-mediated viral
transfer also resulted in an increased frequency of HIV-infected
NK cells, compared to direct, cell-free infection of CD4þ NK cells.
Immature and mature DCs demonstrated an equivalent capacity
to induce HIV infection of CD4þ NK cells via virus transfer,suggesting that DC-mediated transfer and enhancement of NK
cell infection have differing characteristics and outcomes than
transfer and enhancement of T cell infection, as shown in Fig. 7
and described by others (Arrighi et al., 2004a, 2004b; Granelli-
Piperno et al., 1998; Gummuluru et al., 2002; McDonald et al.,
2003; Reuter et al., 2010; Sanders et al., 2002; Soto-Ramirez et al.,
1996; Weissman et al., 1995; Yu et al., 2008).Discussion
Previous studies in multiple laboratories have identiﬁed CD4þ
NK cells in vivo, demonstrating that these cells can be productively
infected with HIV (Bernstein et al., 2009; Conry et al., 2009; Harada
et al., 2007; Milush et al., 2009; Valentin et al., 2002). Generation of
CD4þ NK cells in vitro requires both IL-12 and PHA (Bernstein
et al., 2006); and cytokines inducing NK cell maturation and
proliferation, including IL-15, enhance CD4 expression (unpub-
lished results). Relevant to these ﬁndings, studies characterizing
NK cell/dendritic cell (DC) interactions describe the formation of
regulatory synapses and DC-mediated IL-12, IL-15, and IL-18
production (Brilot et al., 2007; Ferlazzo et al., 2004; Gerosa et al.,
Fig. 8. NK/DC co-culture leads to CD4þ NK cells that are susceptible to HIV infection. Puriﬁed NK cells were co-cultured with DCs for 14 days and then pulsed with HIV-IIIB
for 2 h. (A) At ﬁve days post-challenge, HIV infection was assessed via intracellular p24 staining. (B) CD4 expression is shown for mock and HIV-IIIB challenged cells. Data is
representative of 3 independent experiments.
A. Valentin-Torres et al. / Virology 433 (2012) 203–2152102002; Semino et al., 2005), cytokines known to induce CD4
expression on NK cells. As the pathways leading to CD4 expression
in vivo are not understood, we investigated whether autologous
NK/DC interactions inﬂuence NK cell CD4 expression. In this study,
we describe several novel aspects of NK/DC interactions relevant
to HIV pathogenesis.
We found that co-culture with autologous dendritic cells
induces CD4 expression on NK cells. CD4 expression was compar-
able to that seen following allogeneic stimulation; moreover PHA,
IL-2, and IL-12 were required for the induction of CD4 in both
allogeneic and autologous conditions. The mechanism by which
PHA inﬂuences NK cells is not well understood, one may spec-
ulate that this carbohydrate-binding lectin binds NK cell surface
glycoproteins. LPS-matured DCs were more effective at inducing
CD4 expression. As mature DCs produce IL-12 and IL-15, cyto-
kines capable of inducing CD4 expression on NK cells (Bernstein
et al., 2006), these results correlate with studies demonstrating
that NK/DC interactions are associated with activation and
enhanced NK cell survival. CD4 expression correlated with
increasing NK:DC ratios, making it unlikely that DC-secreted
soluble factors alone are critical for inducing CD4 expression.
Co-culture in the absence of direct cell contact conﬁrmed that
physical interaction is essential for CD4 expression, consistent
with other studies showing that cell contact is required for
DC-mediated NK cell activation (Borg et al., 2004; Piccioli et al.,
2002).
NK cell and dendritic cell interactions are characterized by
bidirectional activation, prompting us to assess the ability of CD4þ
NK cells to activate and mature dendritic cells. CD4þ NK cells
induced phenotypic changes in DCs consistent with maturation,increasing co-stimulatory molecule, CD83, and HLA-DR levels.
Increased HLA-DR expression correlates with enhanced antigen
presentation, and our observation that CD4þ NK cell
co-culture decreases macropinocytosis (Clayton et al., 2003;
Takahashi and Kobayashi, 2003), further suggests functional DC
maturation. We also found that CD4þ NK cells induced DC matura-
tion more efﬁciently than CD4 NK cells, and depletion of CD4-
expressing cells prior to co-culture reduced DC maturation. These
results correlate with the increased capacity of CD4þ NK cells to
produce TNF-a and IFN-g (Bernstein et al., 2006), cytokines promot-
ing DC maturation and effective development of the immune
response (Kang et al., 2008; Piccioli et al., 2002; Vitale et al., 2005).
DC maturation correlated with increasing NK:DC ratios
(Piccioli et al., 2002; Vitale et al., 2005), suggesting that soluble
factors play a role in DC maturation. Exposing iDCs to conditioned
media taken from CD4þ NK cells resulted in partial up-regulation
of co-stimulatory molecule expression and similar effects were
observed when cells were co-cultured using semi-permeable
membranes, permitting soluble factor exchange in the absence
of contact. Both of these conditions resulted in HLA-DR expression
levels equivalent to those observed in the presence of cell contact.
CD4þ NK cells produce IFN-g, a potent inducer of the class II
transcriptional activator (CIITA) (Muhlethaler-Mottet et al., 1998),
potentially accounting for HLA-DR induction in the absence of cell
contact. Overall, our results suggest that both soluble factors and
cell contact contribute to CD4þ NK cell-mediated DC maturation,
consistent with previous studies investigating DC maturation
(Piccioli et al., 2002).
Co-culture at high NK:DC ratios was associated with NK cell
degranulation, consistent with studies showing that at low NK:DC
Fig. 9. DCs transfer infectious HIV to CD4þ NK cells and enhance infection. (A) CD4þ NK cells were directly pulsed with HIV-IIIB for 2 h (MOI¼0.025). (B) iDCs or (C) mDCs
were pulsed with an equivalent amount of virus followed by co-culture with CD4þ NK cells to assess enhancement of infection or transfer of infectious virus. At day 5, HIV
infection was determined by p24 intracellular staining. Results are representative of 3 experiments.
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2005); whereas at high NK:DC ratios NK cells are more likely to
edit and kill iDCs (Dhodapkar et al., 2001; Ferlazzo et al., 2002;
Steinman et al., 2000). CD4þ NK cells were over-represented in
the degranulating NK cell subset, comprising over 50% of these
cells, compared to their relative abundance in culture. This
association may account for to the increased frequency of CD4þ
NK cells observed at high NK:DC ratios. CD4 expression on ‘‘non T
cells’’ is also hypothesized to amplify cell derived stimuli;
therefore one might anticipate that CD4þ NK cells would be
highly sensitive to signals promoting degranulation (Gibbings and
Befus, 2009).
NK/DC crosstalk also inﬂuences HIV pathogenesis. Dendritic
cells matured via pathogen or TLR ligand exposure have the
capacity to concentrate infectious HIV, resulting in increased T
cell infection via transfer of infectious virus (Geijtenbeek et al.,
2000; Granelli-Piperno et al., 1998; McDonald et al., 2003; Reuter
et al., 2010; Sanders et al., 2002). This viral transfer is suggestedto be the mechanism by which in vivo HIV infection is established
(Granelli-Piperno et al., 1998; Gummuluru et al., 2002; McDonald
et al., 2003; Reuter et al., 2010; Sanders et al., 2002; Soto-Ramirez
et al., 1996; Weissman et al., 1995; Yu et al., 2008). We show that
DCs co-cultured with CD4þ NK cells likewise demonstrate an
increased ability to transfer infectious virus and enhance T cell
infection. To our knowledge, this is the ﬁrst demonstration of NK
cell-induced dendritic cell maturation leading to increased virus
transfer and enhancement of HIV infection. As NK/DC interactions
regularly occur within secondary lymphoid organs and play an
integral role in the immune response (Kang et al., 2008; Kassim
et al., 2009, 2006; Salazar-Mather et al., 1998), our ﬁndings may
have relevance to in vivo HIV pathogenesis.
CD4þ NK cells are also susceptible to HIV infection (Bernstein
et al., 2009; Conry et al., 2009; Harada et al., 2007; Valentin et al.,
2002), leading us to assess the DCs capacity to enable infection of
NK cells. We found that DC-mediated induction of CD4 expression
on NK cells renders these cells susceptible to cell-free HIV
A. Valentin-Torres et al. / Virology 433 (2012) 203–215212infection. To investigate whether dendritic cells facilitate CD4þ
NK cell infection, virus transfer and enhancement of infection
assays were performed demonstrating that CD4þ NK cells can be
trans-infected by DCs harboring HIV-IIIB. In contrast to DC-
mediated virus transfer to T cells, whereby mature DCs transfer
infectious virus more efﬁciently than immature DCs (Arrighi et al.,
2004a, 2004b; Granelli-Piperno et al., 1998; Gummuluru et al.,
2002; McDonald et al., 2003; Reuter et al., 2010; Sanders et al.,
2002; Soto-Ramirez et al., 1996; Weissman et al., 1995; Wu and
KewalRamani, 2006; Yu et al., 2008), we observed little difference
in the ability of immature and mature DCs to transfer infectious
virus to CD4þ NK cells. This suggests that iDCs are able to transfer
virus to CD4þ NK cells as effectively as mDCs. Alternatively, NK
cell-mediated DC maturation within the assay could involve
regulatory synapse formation promoting infectious virus transfer.
The half-life of HIV in iDCs is approximately 4.5 h and infectious
virus has been shown to persist for up to 24 h (Cameron et al.,
1992; Frankel et al., 1998; Pope et al., 1995; Wiley and
Gummuluru, 2006), so the capacity of CD4þ NK cells to induce
DC maturation within this timeframe may also inﬂuence our
results (Fig. 4).
Dendritic cells also enhanced HIV infection of CD4þ NK cells.
However, in contrast to observations whereby mature DCs most
effectively enhanced HIV infection of T cells (Arrighi et al., 2004a,
2004b; Granelli-Piperno et al., 1998; Gummuluru et al., 2002;
McDonald et al., 2003; Reuter et al., 2010; Sanders et al., 2002;
Soto-Ramirez et al., 1996; Weissman et al., 1995; Yu et al., 2008),
we found that immature DCs most effectively enhanced HIV
infection of CD4þ NK cells. Recent observations regarding viral
particle trafﬁcking to multivesicular endosomal bodies within
immature DCs may account for our ﬁndings. When immature
dendritic cells endocytose HIV, some viral particles are rapidly
exocytosed in association with HLA-DR (Wiley and Gummuluru,
2006). Exosome-associated HIV is 10 fold more infectious than
free virus, with the capacity to directly infect susceptible cells;
moreover mature DCs rapidly capture exosome associated virus
for transfer (Izquierdo-Useros et al., 2009).
This provides a potential temporal opportunity for HIV to
exploit. In the presence of HIV, some exposed DCs are expected to
release exosome associated virus (Wiley and Gummuluru, 2006).
Upon NK cell contact, DCs undergo maturation providing the
opportunity for these cells to capture exosome associated virus
and facilitate HIV infection of CD4þ NK cells. This could account
for the robust immature DC-mediated enhancement of infection
observed, and may occur in vivo within secondary lymphoid
organs. Alternatively, NK cell editing of immature DCs could
facilitate enhancement of infection secondary to NK/DC synapse
formation, NK cell activation, release of endocytosed virus upon
DC lysis, or a combination of these factors. These ﬁndings likely
reﬂect the unique characteristics of bidirectional NK/DC interac-
tions, relative to NK/T cell interactions.
Overall, our studies describe reciprocal interactions between
NK cells and dendritic cells leading to CD4 expression on NK cells
and DC maturation, potentially inﬂuencing HIV pathogenesis.
Given that CD4þ NK cells are found in secondary lymphoid
organs (Bernstein et al., 2006) where DCs are in residence,
studying NK/DC interactions provides insight into events that
may facilitate in vivo NK cell expression of CD4. Moreover, as
HIV-infected CD4þ NK cells have been isolated ex vivo (Conry
et al., 2009; Harada et al., 2007; Valentin et al., 2002), it is possible
that NK/DC interactions mediate in vivo infection of CD4þ NK
cells. Most importantly, NK cell interactions increase the capacity
of DCs to transfer infectious virus and enhance infection, deﬁning
a mechanism in which cellular interactions in the absence of
pathogens promote DC-mediated ampliﬁcation of HIV infection.
Moving forward, studying NK/DC interactions in the context oflymphoid tissues has the potential to provide critical information
regarding mechanisms inﬂuencing in vivo HIV infection.Materials and methods
Isolation and cell culture
Human subject’s research approval was obtained from Case
Western Reserve University/University Hospitals, and informed
consent was obtained from volunteers as appropriate. Peripheral
blood mononuclear cells were puriﬁed from whole blood using
Ficoll–Hypaque density gradient centrifugation. CD14þ mono-
cytes were puriﬁed by positive selection over two columns using
anti-CD14 magnetic beads (Miltenyi Biotec) followed by culture
in RPMI 1640 with 10% heat-inactivated fetal calf serum (FCS)
(HyClone), 100 U/ml, penicillin, 50 ml/ml streptomycin, and 1 mM
L-glutamine (regular medium) supplemented with 100 ng/ml IL-4
and 50 ng/ml granulocyte-macrophage colony-stimulating factor
(GM-CSF) (Gentaur Biosciences) for 6 days yielding immature DCs
(iDCs), as described previously (Sallusto and Lanzavecchia, 1994).
Cytokines were replenished on day 3, and on day 5 cells were
resuspended in fresh media with cytokines. On day 7, some DCs
were exposed to LPS (0.1 mg/ml) overnight to generate mature
DCs (mDCs).
NK cells were puriﬁed by negative selection using column
based immunomagnetic cell separation techniques (STEMCELL
Technologies) (Bernstein et al., 2006). NK cells were cultured in
96-well round-bottom plates at a cell concentration of 5104/ml
in regular media supplemented with 200 U/ml IL-2 (obtained
from the AIDS Research and Reference Reagent Program). A total
of 2105 allogeneic, lethally irradiated PBMC and 1.5104
lethally irradiated 721.221G cells were also added to each well
(allo IL-12 PHA). To induce CD4 expression (Bernstein et al.,
2006), 1 ng/ml IL-12 (R&D Systems) and 0.25% PHA (Invitrogen
Life Technologies) were added to freshly isolated NK cells cul-
tured as described above (aNK). Following column based enrich-
ment cell purity was assessed via ﬂow cytometry, cells were
stained with CD14 FITC, CD4 APC, CD3 PerCP, and CD56 PE (BD
Biosciences and Beckman Coulter). Over 95% of the cells within
the puriﬁed monocyte population were CD14þ , CD3 . NK cell
purity was approximately 99%, with 80% of the newly isolated
cells expressing CD56. Following in vitro culture with allogeneic,
lethally irradiated PBMC 100% of the NK cells were CD56 positive.
These NK cells have been previously shown to be negative for
CD3, CD19, CD14, and TCR ab and gd expression (Bernstein et al.,
2006).
NK/DC co-culture
Freshly puriﬁed NK cells were co-cultured in a 96-well round
bottom plates with autologous DCs at multiple NK:DC ratios (0.1,
1, 5, and 10) at a concentration of 1 106 cells/ml in regular
medium supplemented with 200 U/ml IL-2, 1 ng/ml IL-12 and
0.25% PHA. After 5 days in culture, CD4 expression on NK cells
was assessed by ﬂow cytometry. Cells were stained with CD56 PE,
CD4 APC, CD3 FITC, dead and apoptotic cells were excluded with
7-aminoactinomycin D (7AAD) (Sigma–Aldrich). Analysis was
performed on a BD Bioscience FACSCalibur machine using FlowJo
software. Cells were gated based on forward and side scatter,
quadrants were set based on the appropriate isotype controls, and
samples were compensated electronically for overlap in ﬂuores-
cent emission. Additional gating included separating NK and DCs
based on size differences. Within co-cultures, NK cell CD4
expression was analyzed within the CD56þ , CD3 , 7AAD NK
cell population. At high NK:DC ratios o3% CD3þ T cell
A. Valentin-Torres et al. / Virology 433 (2012) 203–215 213contamination was observed following co-culture, T cell contam-
ination ranged from 3% to 10% following co-culture at low NK:DC
ratios.
Co-culture using semi-permeable membranes was performed to
further assess the role of soluble factors and cell contact in DC-
mediated induction of CD4 expression on NK cells and DC matura-
tion. DCs were placed above 0.4 mm Millicell-CM membranes
(Millipore), while NK cells were placed beneath the membrane
within a well of a tissue culture plate (24-well). DC maturation was
assessed after overnight culture and CD4 expression on NK cells was
determined after ﬁve days of culture via ﬂow cytometry.
DC assessment
To assess DC maturation, DCs were co-cultured with NK cells
at multiple NK:DC ratios (0.1, 0.2, and 1) overnight. Cells were
then stained with CD40 PE, CD83 FITC, CD86 APC, and HLA-DR
PerCp (BD Bioscience) to assess maturation and co-stimulatory
molecule expression. NK cells were excluded based on size.
To determine if DC maturation occurs via soluble factors or via
cell/cell interactions, supernatant transfer assays were performed.
Immature DCs were cultured in supernatants from cultures
containing CD4þ NK cells at a concentration of 1106 cells/ml.
The expression of co-stimulatory molecules was determined
following overnight culture. To determine the effect of CD4þ NK
cell co-culture on DC macropinocytosis, DCs were exposed to
Alexa Fluor 488 conjugated albumin (55 ml/ml) for 4 h. Albumin
uptake on a per cell basis was quantitated via ﬂow cytometry.
NK cell degranulation
CD4þ NK cells were co-cultured with iDCs for 5 h at 37 1C in
5% CO2 in the presence of 5 ml anti-CD107 FITC (BD Bioscience)
and monensin (Golgi-Stop, BD Bioscience) at a ﬁnal concentration
of 6 mg/ml. Anti-CD107a binding was assessed by ﬂow cytometry
in CD56þ CD3 NK cells (Alter et al., 2004).
Viral transfer and enhancement of infection
Assays to measure enhancement of viral infection were per-
formed by pulsing iDCs, mDCs, or NK-co-cultured DCs with HIV
for 2 h at 37 1C to allow virus uptake (Reuter et al., 2010; Yu et al.,
2008). We used HIV-NLG-Nef (recombinant virus with NL4-3
backbone expressing GFP in Nef (Levy et al., 2004)) at a concen-
tration of 5 to 20 ng of HIV p24 per 1105 cells. Dendritic cells
were then co-cultured with 2.5104 LuSIV cells (CEM174 cells
stably transduced with a reporter plasmid containing the SIV long
terminal repeat [LTR] upstream from the ﬁreﬂy luciferase gene
(Roos et al., 2000)), after 24 h of infection enfuvirtide (0.1 mM)
was added to limit the spread of infection. Cells were cultured for
40 h, and infection was assessed via ﬂow cytometric detection
of GFP or ﬂuorimetric detection of luciferase activity within cell
lysates, replicates of six were used for luciferase detection.
Transfer assays were performed as described above, except that
the pulsed DCs were washed to remove unbound virus prior to
co-culture with LuSIV cells.
HIV infection of NK cells
NK cells co-cultured with DCs to induce CD4 expression were
directly infected with HIV-IIIB at an MOI of 0.1 as described
(Bernstein et al., 2009). On day 5 cells were stained for intracel-
lular KC57 (p24 gag) FITC, CD56 PE, CD3 PerCp, and CD4 APC
(Beckman Coulter, BD Bioscience). Viral transfer and enhance-
ment assays were performed by pulsing iDCs or mDCs with
HIV-IIIB for 2 h at 37 1C, permitting virus uptake. Virus pulsedDCs were then co-cultured with CD4þ NK cells at a 1:1 ratio to
assess enhancement of infection. For the transfer assays, virus
pulsed DCs were washed three times with PBS prior to co-culture
with CD4þ NK cells. On day 5 cells were stained for intracellular
KC57 (p24 gag) FITC, CD56 PE, CD3 PerCp, and CD4 APC (Beckman
Coulter, BD Bioscience).
Statistical analyses
The capacity of DCs to induce CD4 expression on NK cells and
ability of increasing NK to DC ratios to inﬂuence CD4 expression
was analyzed using linear regression models. The Student’s t-test
was used to compare differences between groups following
conﬁrmation of normally distributed data.Acknowledgments
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